objects" embedded inside the cloak. Thus, Luo et al. [15] proposed an invisible cloak with multiple regions. The object in the external cavity and internal space of one cloak can be concealed simultaneously, but it still requires "anti-objects". In addition, Yang et al. [16] investigated an interior invisible cloak that combines communication ability and invisibility. They also presented another external invisible cloak with an arbitrary cross section [17] . Recently, several cloaks have been proposed [18] [19] [20] [21] . However, all of the above-mentioned cases describe two-dimensional (2D) cloaks, which are easy to implement and simulate but inconvenient in practical applications, as the incident waves have unforeseeable angles.
We propose a uniform layered method for realizing a three-dimensional (3D) reciprocal invisibility cloak that differs from the previous designs. In our design, a 3D spherical structure solves the problem of the incident wave with different directions. Moreover, this invisibility cloak does not require any "anti-objects" and is capable of communicating with the outside world while maintaining a good invisibility performance. In particular, the significance of this proposed design is that the multilayered cloak is capable of replacing the ideal cloak as a means of reducing the complexity in actual application. This is because consistency cannot be guaranteed in material parameters of a large region, but division of the region into several tiny sections can ensure that the parameters of the same section are consistent, thereby facilitating the application. Moreover, the layered design is helpful for reducing scattering from the object. Researchers at Duke University used a 10-layered split-ring resonator to approximate the ideal closed cloak in their invisibility cloak design [2] . Based on this idea and the coordinate transformation theory, we derive the parameter expressions for each region.
Finally, we implement full-wave simulations by Comsol Multiphysics to verify the validity and performance of this design.
II. CLOAK THEORY AND DESIGN
A schematic of the xoy cross section for the 3D reciprocal invisible cloak is shown in Fig. 1 . It comprises three regions: a uniform layered cloak (region Ⅰ), complementary media (region Ⅱ), and a concealed zone (region Ⅲ). The radii of the circles from inside to outside are a, b, and c, respectively.
The point in region Ⅲ is expressed by coordinates ( , , ) x y z ; the point in region Ⅱ, by ( , , )
x y z    ; and the point in region Ⅰ, by ( , , )
x y z    . The main purpose of our design is that an object in the region 0 ra  can be hidden by the invisibility cloak in the region b r c   , and that the invisibility can be "cancelled" by the complementary media in the region a r b  . Thus, the design we proposed can be summarized in two steps. First, we compress region Ⅲ (0 ) ra  into region Ⅱ () a r b   [22] . Second, the
The transformation expression of the first step is as follows:
where a is the radius of the inner sphere, b is the radius of the middle sphere, Applying the spherical coordinate system ( , , ) r  , we can derive the Jacobian transformation matrix as follows: 
Drawing on the coordinate transformation theory and the invariant form of Maxwell's equations, we can obtain permittivity and permeability tensors in the complementary media:
where   is the Jacobian transformation matrix, while   ,  and  ,  are the permittivity and permeability tensors of regions Ⅱ and Ⅲ, respectively.
Region Ⅲ is free space, such that 0  = , 0  = . Next, we acquire the permittivity and permeability tensors of region II in the spherical coordinate system: 
The commercial software Comsol Multiphysics is based on Cartesian coordinates; therefore, we employ the relationship between the spherical ( , , ) r     and Cartesian coordinates ( , , )
x y z    , to express the tensors of region II as follows:
Then the transformation equation of the second step can be expressed as:
Similarly, we obtain the permittivity and permeability tensors in region I, i.e., b r c   :
So the permittivity and permeability tensors of region I in the spherical coordinate system can be expressed: 00 00 00
Therefore, we can express the tensors of region I in Cartesian coordinates as follows: 
III. SIMULATION , respectively. In the following simulation, the operation frequency of the multilayered cloak is set to 1.2 GHz.
In fact, the approximation of mutilayered method is that division of the region Ⅰ into several tiny sections can ensure that the parameters of the same section are consistent. In other words, the constitutive parameter (the relative permittivity and permeability) in the spherical coordinate system gradually approximates towards the ideal reciprocal cloak. Therefore, the relative permittivity and permeability curves for the different layered cloaks are plotted in Fig. 2 . The thickness of each layer was the same because we used a uniform approach. It can be found that the relative permittivity and permeability of the various cloaks gradually approximated towards the ideal reciprocal cloak when the number of layers increased, that is, the relative permittivity and permeability of 8-layered cloak are already almost equivalent to the ideal reciprocal cloak. The electric (E) field distribution for the ideal invisible cloak is shown in Fig. 3 . The 3D E field distribution is shown in Fig. 3 (a) , while Fig. 3 (b) depicts the xoy 2D cross-sectional field distribution.
The obtained results indicate that the electric field was able to perfectly propagate into the cloak. This demonstrates perfect invisible performance of the ideal cloak. Fig. 4 illustrates the E field distribution for a 2-layered invisible cloak. From Fig. 4 (b) , we can deduce that the forward scattering is quite apparent, and the wavefront becomes discontinuous. Fig. 5 illustrates the E field distribution for the 4- The E field distribution for the 8-layered invisible cloak is shown in Fig. 6 . In Fig. 6 (b) , we can see that the scattering is further reduced. Ultimately, Fig. 7 illustrates the E field distribution for the 10- layered invisible cloak. Fig. 7 (b) portrays an electric field distribution similar to Fig. 6 (b) corresponding to the 8-layered cloak. Fig. 9 . The 2-layered cloak exhibits the largest RCS values on average with significant variations, while those of the ideal cloak are the smallest and fairly constant. The remaining curves vary between these two extremes. The three curves for the far field of the 8-, 10-layered, and the ideal cloak produced the smallest RCS values. This result implies that the scattering in the far field becomes quite small when the layered number is 8 or more. Thus, the ideal cloak can be replaced by a uniform layered cloak without any negative impact on the invisibility performance. In addition, note that the reduction of the RCS value is slight when the layerd number is over 8. When wanting to reduce the RCS value further, we must add the uniform layered number sharply, which would greatly increase the complexity of the design. Therefore, we employ the 8-layered cloak for testing of the invisibility performance and communication properties. Fig. 8 . Near field curves for the different layered cloaks. Fig. 9 . Far field curves for the different layered cloaks.
In order to verify communication abilities of an object within the cloak, an ellipsoid object Results show that it is possible for the hidden object to communicate with the outside world. The RCS value of the 8-layered cloak with and without the object was calculated using Matlab, and the far field curves are shown in Fig. 11 . The two curves are extremely similar in shape, with approximately 3 dB difference within the range of 0 180 Fig. 10 . Electric field distribution for the 8-layered cloak with a cylindrical wave: (a) 3D field distribution without object, (b) xoy cross-sectional field distribution without object, (c) 3D field distribution with object, (d) xoy cross-sectional field distribution with object. Fig. 11 . Far field curves for the 8-layered cloak with and without object. Fig. 12 (c) can be obtained by rotating the data in Fig. 12 (a) by 90  . Fig. 13 shows the constitutive parameter distributions for the 8-layered invisible cloak in region III, where b r c   . The trends are similar to those in Fig. 12 . IV. CONCLUSION In this study, we proposed a uniform layered approach to design a 3D reciprocal invisible cloak and investigated its performance. To this end, we derived the constitutive parameter expressions for regions Ⅰ and Ⅱ of the invisible cloak component layers. In order to demonstrate the efficiency of the uniform layered cloak as a replacement for the ideal cloak, we plotted the relative permittivity and permeability curves for the different layered cloaks, simulated the electric field distribution across the material and investigate the results. Ultimately, we find that the near field of the 8-layered cloak is similar to the ideal cloak. Furthermore, we computed the RCS and observed that the scattering of the 8-layered cloak in the far field was quite small. Therefore, we deduce that the ideal cloak can be replaced by a multilayered cloak to reduce difficulties in actual fabrication. Moreover, the communication ability of the layered cloak can also be demonstrated. Compared to previous designs, our design presents an effective and simplified method to obtain for the actual application of invisibility cloaks using a multilayered structure approach.
